Abstract
Introduction
The choroid contains a large number of blood vessels, pigments, and immune system components. The choroid absorbs light, supplies oxygen, and provides nourishment to protect the retina. However, the choroid is also the site of many pathological processes such as inflammation, ischemia and neovascularization. Optical coherence tomography (OCT), which became available in the late 1990s, allows non-invasive observations of the ocular fundus. Most recent ophthalmological studies have used OCT as a routine medical examination along with standard visual acuity testing. Time-domain OCT with an 820nm wavelength and 400 A-scans/sec represents a major advancement in the quality of OCT imaging as it allows better visualization of the retina. Spectral-domain (SD) OCT, providing in excess of 40,000 A-scans/sec, allows even more precise assessment of retinal structure, comparable to that of a histopathological specimen. Even SD-OCT is not, however, sufficient for detailed observations of the choroid.
Spaide et al. [1] reported the enhanced depth imaging (EDI)-OCT method based on SD-OCT, which enabled the chorioscleral border to be detected. However, clear choroidal images cannot be obtained in some cases, due to obscuring of the outer boundary of the choroid when the Heidelberg EDI-OCT device is employed [2, 3] . Recently, swept-source (SS)-OCT with a wavelength of 1,050 nm and 100,000A-scans/sec has allowed in depth visualization of the eye from the retina to the sclera even in patients with moderate to severe cataracts, as well as during eye blinking and/or ocular movement. Therefore, SS-OCT provides clear, sharp images of the choroid. There are many reports describing overall choroidal thickness as decreasing with age [4] [5] [6] [7] [8] [9] [10] , while no differences have been detected among sites in the healthy eye [5] [6] [7] [8] [9] [10] .
Branchini et al. [11] reported on the choroidal vasculature of healthy eyes, describing large choroidal vessel layer thickness and medium choroidal vessel layer/choriocapillaris layer thickness values obtained using spectral-domain OCT with an 840 nm wavelength. Esmaeelpour et al. [12] determined Sattler's and Haller's layer thicknesses using 3-dimensional 1060-nm OCT with an automatic measurement function. However, their method was used without determining the border between Sattler's and Haller's layers and may not be feasible. In our view, only manual measurements allow Sattler's and Haller's layers to be clearly distinguished.
Neither of these prior reports examined, or even took into consideration, the age-change correlation with choroidal thickness. Therefore, using SS-OCT, we investigated choroidal thickness (choriocapillaris plus Sattler's (CS) layer and/or large vessel layer) in relation to age. We manually measured layer thicknesses, to obtain clear images and to derive formulas that would allow us to calculate thickness based on OCT data.
We assessed choroidal thinning using SS-OCT manually to assure clear measurements, in relation to age decades, in order to determine whether the CS and/or the large vessel layer contributes to the widely recognized decrease in the thickness of the choroidal layer with advancing age. We also endeavored to clarify the etiology of choroidal thinning.
examinations, obtaining verbal consent without a signature in all cases. Furthermore, all participants had the right to opt-out of the study. If the volunteers agreed to participate in this study, they did not need to sign a consent form. If a volunteer decided to drop out of the study, we requested that they sign a consent form to opt-out of the study.
We chose 115 eyes (62 males, 53 females) for analysis of the thickness of each subfoveal layer (the CS layer and the large vessel layer) as the primary endpoint. Out of these 115 eyes, we chose 68 (34 males, 34 females) eyes for subgroup analysis of choroidal thickness in five areas (at the fovea itself, and at the sites superior, inferior, nasal, and temporal to the fovea).
We examined only one eye, mainly the right eye, in each subject to eliminate individual variation. However, if the right met any of our exclusion criteria, we studied the left eye instead.
It is necessary to measure all 512 (horizontal) and 64 (vertical) lines clearly when measuring mean choroidal thicknesses of the five aforementioned areas. If even one slice is missing, due to blinking, the mean choroidal thickness value will not be accurate. Therefore, five of the 68 eyes were excluded from the analysis of choroidal thickness due to blinking during the examination. There are no effects of blinking on choroidal thickness at the fovea.
We performed horizontal and axial scans and three-dimensional analysis of a 6 by 6 mm area at the center of the fovea using SS-OCT (Topcon Corp., Tokyo, Japan). The three-dimensional images were obtained with SS-OCT using raster scans of 512 (horizontal) and 64 (vertical) lines. The A-scan value per dataset (total 32,768 axial scans) was 0.8 seconds. Choroidal thickness and the chorioscleral border were measured manually with a built-in caliper (Y.W.), according to Rhaman et al [14] . In each case, choroidal thickness was measured from the bottom of the hyper-reflective line of the retinal pigment epithelium (RPE) to the chorioscleral border.
Choroidal thickness was measured at the fovea and at each of the other four sites (superior, inferior, nasal, and temporal to the fovea) 3mm from the fovea for each age decade employing the Early Treatment Diabetic Retinopathy Study (ETDRS) grid (Fig 1) . The mean choroidal thickness within the ETDRS grid was averaged by SS-OCT automatically. The ETDRS grid consists of three circles; the outermost circle has a radius of 3 mm, the second circle of 1.5 mm, and the innermost circle of 0.5 mm.
We defined "site" as a pin-point portion of the retina and used the term "area" for the broader portion. We defined the superior area as the total of the outer and inner superior areas We defined 'C' as the "mean foveal choroidal thickness area", and each of the other four areas as follows: 'S1 +S2 = mean superior choroidal thickness area', 'I1+I2 = mean inferior choroidal thickness area', 'N1+N2 = mean nasal choroidal thickness area', and 'T1 +T2 = mean temporal choroidal thickness area'. as well as those of the inferior, nasal, and temporal areas (Fig 1) . The average choroidal thickness (6,872mm 2 , 6,255 measured points) was calculated for each of the four areas. The foveal area was taken to be that surrounded by the innermost circle (0.785mm 2 , 715 measured values) and its average thickness was calculated. Chan-Ling et al. reported that the undifferentiated human's capillary plexus forms first and that the layers of larger vessels form thereafter [15] , and calponin was expressed only on large vessels [16] . From these reports, based on immunohistochemical observations, we can reasonably speculate that there are differences between the CS and large choroidal vessel layers. Therefore, we investigated the CS and large choroidal layers. We defined the CS layer as starting just below the RPE line and extending to the upper border of the hypo-reflective large tubular structure area (choroidal large vessel layer), as in a previous report (Fig 1) [11] .
Items investigated
The following items were investigated; subfoveal choroidal thickness and the choroidal thicknesses at the aforementioned four sites 3mm from the fovea for each age decade and each eye, as well as the mean choroidal thickness at each of these five areas. The thicknesses of the subfoveal CS layer and the large vessel layer were also determined (Fig 1) .
Statistical Analysis
The relationships between age and choroidal thicknesses were evaluated using regression models and regression coefficients. For the comparisons among choroidal thicknesses adjusted for age, a mixed model was applied, and we evaluated the differences of choroidal thickness and the distance between regression lines. The statistical power was 0.493, which was calculated based on a previous report, employing a distance of '23 μm' for our 68 subjects (significance level of 0.05) [14] . We defined statistically significant differences as having a value of p<0.05. SAS version 9.3 was used for all statistical analyses.
Results
The subfoveal choroidal thickness and those at the four sites 3mm from the fovea are shown in Table 3 Mean choroidal thicknesses of each of the five sites ( There was a linear relationship between choroidal thickness at the temporal site and age. The regression formula is: temporal choroidal thickness (μm) = 372.95-2.73×age (p<0.0001). Mean choroidal thickness at the temporal site decreased by 2.73 μm per year.
The choroid was thinnest at the nasal site, followed in order by the temporal, inferior, superior and subfoveal sites. There was no significant difference in choroidal thickness between the temporal and inferior sites (p = 0.19) for any of the age groups (Table 4) . There was a linear relationship between mean choroidal thickness in the temporal area and age. The regression formula is: mean temporal choroidal thickness (μm) = 369.69-2.47×age (p<0.0001). Mean choroidal thickness in the temporal area decreased by 2.47 μm per year.
Mean choroidal thicknesses of each of the five areas (
The choroid was significantly thinner in the nasal area than in the other four areas (p<0.05), while there were no significant differences among the other four areas (p>0.05) ( Table 6 and Fig 3) . There was a linear relationship between CS layer thickness and age (Fig 4) . The regression formula is: CS layer thickness (μm) = 125.71-1.08×age (p<0.0001, R 2 = 0.29).
Thicknesses of the subfoveal CS layer and the large vessel layer
Subfoveal choroidal large vessel layer thickness by age. There was a linear relationship between large vessel layer thickness and age (Fig 5) . The regression formula is: choroidal large vessel layer thickness (μm) = 250.07-0.87×age (p<0.0209, R 2 = 0.056). A significant age-dependent difference in choroidal thickness was observed for both the CS layer (p<0.0001) and the large vessel layer (p<0.0209) ( Table 7 , Figs 4 and 5). The statistical power was 0.493, which was calculated based on a previous report, employing a distance of '23 μm' for our 68 subjects (significance level of 0.05). [14] 
Discussion
Chen et al reported axial length to be the main predictor of foveal choroidal thickness but they did not examine refractive error [17] . High myopia may reportedly affect subfoveal choroidal thickness in Japanese eyes, a factor significantly associated with refractive error [18, 19] . Refractive error was, however, reported to correlate significantly with posterior staphyloma height [19] . Fujiwara et al. reported a correlation between subfoveal choroidal thickness and refractive error, and noted that subfoveal choroidal thickness tended to correlate negatively with refractive error, though this correlation was not significant between -6D and +6D. (p = 0.10, R 2 = 0.1) [13] . Therefore, high myopia -6D or greater was excluded in our present study to eliminate the effect of axial length and high myopia. Since lymphatics are also highly related to axial length changes in myopia, we need to consider this factor in future studies [20] .
The subfoveal choroidal thickness regression formula yielded differences ranging from 2.98 μm (mean subfoveal choroidal thickness) to 2.24 μm (mean choroidal thickness at the foveal area).
There are many reports describing choroidal thickness in each of the aforementioned areas, i.e. the fovea itself, and the sites superior, inferior, nasal, and temporal to the fovea [5] [6] [7] [8] [9] [10] .
The choroidal thicknesses of both sites and areas decreased with age. The choroid was thinnest at the nasal site, followed by the temporal, inferior, superior, and foveal sites. The choroid was significantly thinner at the nasal site than at the other four sites. Choroidal thickness averages for each site were derived from a broad area extending from the outer portion of the choroid to the fovea itself, but the choroidal thicknesses of each site were obtained from only a single measurement. Therefore, a lack of measurement data might have produced differences.
There are no reports, to our knowledge, presenting a formula relating the thicknesses of distinct parts of the choroid with age. The correlations between mean choroidal thicknesses and age are presented as scatter diagrams with minor deflection, with p values for degree of skewing and the intercept being <0.0001. We thus consider our data to be reliable. Esmaeelpour et al reported automatic measurements of the thicknesses of Sattler's layer and Haller's layer at the choroid using 3-dimensional OCT with a 1060-nm wavelength [12] . We manually measured CS and large choroidal vessel layer thicknesses using SS-OCT, encountering no difficulties such as obscuring of the border between the layers. We endeavored to assess choroidal thickness related to age decades and to determine which layer(s) might be involved in the observed choroidal thinning. Therefore, we conducted manual segmentation, employing a built-in caliper, and analyzed the thickness of both the CS layer and the choroidal large vessel layer. The thickness of the subfoveal CS layer decreased with age and the correlation was statistically significant (p<0.0001). The thickness of the large vessel layer also decreased with age (p = 0.0204), indicating a trend for the thickness of this layer to decrease with aging. The p values indicated, however, that the decrease in the CS layer was more than 200 times that in the large choroidal vessel layer. Therefore, we speculate that the aging change in total choroidal thickness at the fovea is mainly attributable to a decrease in CS layer thickness. The resolution quality of SS-OCT is not sufficient to allow the choriocapillaris layer to be distinguished from Sattler's layer. In addition, the choriocapillaris is too thin to be evaluated by itself.
In this study, we were also interested in vascular endothelial growth factor (VEGF)-A, which is secreted by the RPE and exerts a trophic influence on the choriocapillaris. The RPE secretes VEGF toward its basal side, where VEGF receptors are located on the adjacent choriocapillaris endothelium, suggesting VEGF to play a role in the maintenance of choriocapillaris fenestration in the normal eye [21, 22] . An increased lipid content, documented in Bruch's membrane with aging in some cases, has also been postulated to specifically impede the movement of water and water-soluble agents between the choroidal and RPE compartments [23, 24] . Furthermore, lipid accumulation appears to be higher in the macula than in the peripheral fundus [21, 25, 26] .
It has been suggested that in hypoxic states and with aging, this paracrine relationship is disturbed by a thickened Bruch's membrane, and that this age-associated change may block the passage of VEGF-A from the RPE to the choriocapillaris [21, 26, 27] . In normal eyes, as revealed by autopsy but not studies of the eyes of living subjects, from the first to the tenth decade of life the choriocapillaris diameter and choroidal thickness decrease while the thickness of Bruch's membrane increases with age [4] .
Our results reflect the choroidal layer changing with age, possibly in relation to the functions of VEGF-A and lipid accumulation. The CS layer is closer to the RPE layer than to the choroidal large vessel layer, i.e., the CS layer would presumably be more affected by the aging changes described in prior reports. However, the CS layer consists of Sattler's layer and the choriocapillaris layer. Whether one or both of these layers contributes to diminished choroidal thickness with aging remains as yet unknown.
We speculate that not only VEGF but also systemic water may exert effects on the thicknesses of ocular layers. The total amount of water in the body decreases with age, possibly contributing to the observed decreases in choroidal thickness with aging. The water drinking test revealed that as the amount of water in the body increases, choroidal thickness also increases [28] . Although VEGF might significantly influence differences between the thicknesses of the large choroidal vessel and CS layers, the origin of such differences is unknown.
Conclusions
We found that subfoveal choroidal thickness decreases by 2.98 μm per year, on average. Choroidal thickness decreased at all measurement sites with age. Thicknesses of the subfoveal CS layer and the large vessel layer decreased significantly, and that of the CS layer correlated especially strongly with age.
